Recent in vivo MRI studies at 7.0 T have demonstrated extensive heterogeneity of T 2 * relaxation in white matter of the human brain. In order to study the origin of this heterogeneity, we performed T 2 * measurements at 1.5, 3.0, and 7.0 T in normal volunteers. Formalin-fixed brain tissue specimens were also studied using T 2 *-weighted MRI, histological staining, chemical analysis, and electron microscopy.
Introduction
Unlike T 1 -and T 2 -weighted MRI, which are routinely used for clinical examinations, the application of T 2 *-weighted MRI in clinical practice has been rather limited. Successful applications include venography (1), detection of hemorrhagic infarcts (2) and mapping areas of the brain with high iron content (3) (4) (5) (6) . Recent high-field studies at 7T and above have shown a dramatic increase in T 2 * contrast, allowing detection of laminar architecture of the human cerebral cortex and white matter microstructures (7, 8) .
In brain tissues, a number of sources can give rise to the magnetic susceptibility gradients underlying the T 2 * contrast (7, 8) . While iron, deoxy-hemoglobin, and myelin content, all may contribute to this contrast, their relative contributions remain unknown. For better understanding of the underlying mechanism of the extensive T 2 * heterogeneity observed in vivo in white matter, in this study, we experimentally investigated the B 0 dependence of T 2 * heterogeneity among different white matter bundles and addressed the issue of whether the T 2 * variations among the different fiber bundles can also be detected at the clinically more relevant magnetic field of 1.5 and 3.0 T. We investigated also whether similar T 2 * contrast heterogeneity exist in formalin fixed brain tissue specimens in which additional measurements, such as, iron concentration, myelin content, and fiber microstructure were conducted in order to identify the sources contributing to the observed T 2 * heterogeneity.
Materials and Method

In vivo MRI Measurements of Normal Volunteers
MRI experiments were performed on three separate GE Signa whole-body MRI scanners (General Electric Medical Systems, Milwaukee, WI) with field strengths of 1.5, 3.0 and 7.0 T. Each scanner was equipped with a Twin-Speed gradient system capable of providing the maximum gradient amplitude of 40 mT/m and a slew rate of 150 T/m/s. Multi-channel (8) (9) (10) (11) (12) (13) (14) (15) (16) channels) phased-array detectors (Nova Medical, Wilmington, MA) were used for signal reception. Head motion was mitigated by inserting foam padding between the coil former and the subjects' head.
Eight normal volunteers (female/male=3/5) with ages = 31 ± 5 years participated in the study and each completed three scan sessions at 1.5, 3.0 and 7.0 T, after having provided informed consents in accordance with MRI protocols approved by the Institutional Review Board of National Institute of Neurological Disorders and Stroke, NIH. At each field strength, the MRI protocol included the following scans: 1) a fast 3-plane localizer acquired using a spoiled gradient recalled echo pulse sequence; 2) whole-brain magnetic field shimming up to the 2 nd order based on gradient recalled echo (GRE) spiral acquisitions at two different echo times; 3) T 2 *-mapping by multiple T * 2 -weighted scan sessions using a multiple-echo GRE pulse sequence; 4) a low resolution (64×64) coil sensitivity mapping using the standard GRE pulse sequence with TE/TR=7.3/400 ms and flip angle=90°; 5) a 3D T 1 -weighted scan using a pulse sequence based on magnetization prepared rapid gradient echo (MPRAGE) technique.
For T 2 * mapping, T 2 *-weighted images at four different echo times were acquired on each scanner. The acquisition parameters used at each magnetic field strength were kept as close as possible except for systematic adjustment of the echo times to adequately sample the signal decay curve at each field. In order to achieve similar SNR on the different scanners, the slice thickness/spacing, and number of signal average (NEX) were also adjusted. The main differences in data acquisition parameters for the in vivo T 2 *-mapping on the three scanners are detailed in Table 1 . Other acquisition parameters were kept constant across the different scanners. These included the repetition time (TR) = 1000 ms, flip angle = 60°, bandwidth = 32 kHz, field of view (FOV) = 240 × 180 mm, matrix size 256×192, resulting in an in-plane resolution of 0.94×0.94 mm 2 . Sixteen axial slices were prescribed from top to bottom with the 5 th slice through the cingulate cortex.
In order to obtain a white matter mask for each T 2 * map, a 3D T 1 -weighted scan based on the MPRAGE technique was performed for each subject on all three scanners. Similarly, the acquisition parameters were kept as close as possible except for necessary adjustment of the inversion time (TI) to achieve the optimal contrast between gray and white matter. The TI values used at 1.5, 3.0, and 7.0T were 750, 900, 1200 ms, respectively. The other acquisition parameters for the MPRAGE scans were as followins: TR/TE=6.5/3.2 ms; flip angle = 8°; slice thickness = 1.5 mm; FOV = 240 × 180 mm, matrix size = 256×192, which results in the same in-plane resolution as the corresponding GRE images; and bandwidth = 32 kHz. For each subject the slab center of the 3D MPRAGE was carefully selected to match the center slice of the T 2 *-weighted scans. Therefore, the centers of slice locations between the MPRAGE and the T 2 *-weighted images overlapped and the white matter mask derived from the MPRAGE scans was directly applied to the T 2 * maps.
Analysis of the in vivo MRI data
Images were reconstructed off-line by using phase-sensitive combination of the individual coil data (9) . The coil sensitivity reference was derived from the low-resolution GRE scans by doing a spatial low-pass-filtering to an in-plane resolution of 15 mm. T * 2 maps were generated on a pixel-by-pixel basis by fitting a single exponential function to the T2*weighted image intensities of different echo times using a least-square minimization algorithm in Matlab (the Mathworks Inc, Natick, MA). For better definition of the different tissue types and regions, the outlines of the matched MPRAGE images were first overlaid onto the corresponding T2* maps to segment gray and white matter. The T 2 * value for each region of interest (ROI) was evaluated as the average of multiple small ROIs each containing 9 voxels (3×3). For each white matter ROI, 6-8 small ROIs were manually selected by using a dedicated interface program based on Matlab. Care was taken in selecting each small ROI to avoid apparent large vessels and cerebrospinal fluid (CSF). The average T 2 * values for each subject at each magnetic field strength in seven white matter regions with relatively homogenous T 2 * values were evaluated. These white matter regions were: superior region of corona radiata (SCR); splenium of corpus callosum (SPL), genu of corpus callosum (GCC), tapetum (Tap), posterior region of coronal radiata (PCR), superior longitudinal fasciculus (SLF), and cingulum (CG).
Ex vivo Studies of Brain Tissue Specimen
In order to compare T 2 *-contrast between in-vivo and post-mortem brain, three formalinfixed samples from males (age= 66-78) who died of non-neurological causes were also scanned at 7 T using a 2D gradient-recalled echo pulse sequence with similar acquisition parameters described for the in vivo measurements. To gain further insight into the underlying contrast mechanisms, a coronal slab containing the middle section of CG fiber bundle as well as the SCR was dissected from one of the post-mortem brain specimens and the slab was scanned at 7.0 Twith higher spatial resolution before it was sampled for further histological and chemical analysis. The relevant acquisition parameters used for the T 2 *weighted MRI of the brain slab were as follows: TE/TR = 30/800 ms, flip angle= 30°, bandwidth = 32 kHz, FOV = 200 × 100 mm, matrix size = 1024 ×512, thickness = 1 mm, and NEX=4 giving rise to ~0.2 ×0.2 × 1mm 3 voxel size. The same image data processing procedure as used in the in vivo data was performed.
After MRI scanning, six tissue specimens of approximate 2×2×2 mm 3 were sampled in the CG and SCR structures for chemical analysis of the iron content. The tissue samples were sealed and sent to West Coast Analytical Service Inc (Santa Fe Springs, CA) for quantitative iron determination using inductively coupled plasma-mass spectrometry. The iron detection limit with this method is about 50 ppb (part per billion), therefore, a small sample in the order of 1 mg is sufficient.
Histological staining of the fixed brain tissues was performed at American Histolab Inc (Gaithersburg, MD) using the Luxol Fast Blue (10) and Bielschowsky methods (11) .
Multiple regions of the CG and SCR structures were also examined using transmission electron miscopy (Jeol 1200 EX) with up to 10,000× direct amplification in order to compare the microstructure differences of the white matter fiber bundles. The micrographs were segmented using Matlab to estimate the area fraction of the myelinated structures and surface order parameter as defined for the nematic liquid crystals (12) . Figure 1 shows a typical set of high-resolution T 2 *-weighted images with spatial resolution of 0.2×0.2×1 mm 3 acquired at 7.0 T. It shows excellent contrast difference between the different white matter fiber bundles. A few white matte fiber pathways that can be readily identified are labeled in Fig. 1 . These include superior region of corona radiata (SCR); Splenium of corpus callosum (SPL), genu of corpus callosum (GCC), external capsule (EC), superior frontal-occipital fasciculus (SFO), tapetum (Tap), posterior region of coronal radiata (PCR), superior longitudinal fasciculus (SLF), anterior commissar (AC), and cingulum (CG). As demonstrated previously at 7.0T, the intensity contrast observed in white matter in the T 2 *-weighted images is largely related to T 2 * heterogeneity. The proton density maps exhibited much less variations in white matter (8) . This observation is further confirmed by the T 2 * mapping results. Table 2 shows the T 2 * values measured in 8 subjects at 3 different magnetic fields for 7 different white matter fiber bundles throughout the brain. The mean values for the different fiber bundles at 1.5, 3.0, and 7.0T are 69±8, 50±8, and 28±5ms, respectively. With the increase of the main magnetic field strength, not only is the T 2 * relaxation rate (R2*=1/T 2 *) increased, but also the T 2 * heterogeneity among the different fiber bundles is enhanced. The coefficients of variance for T 2 * at 1.5, 3.0, and 7.0T are 13, 16 and 19%, respectively. Using the T 2 * value for the SPL fiber bundle as a reference, at 7T the T 2 * values for all other measured fiber bundles are significantly different (p<0.02). Comparing 7.0T with 1.5 T, the T 2 * contrast difference between the different fiber bundles is enhanced by a factor of 4. The 3.0 T result is intermediate between the 7 T and 1.5 T results. The enhancement of T 2 * relaxation and its heterogeneity with the main magnetic field strength are more explicitly summarized in Fig. 2 , which depicts T 2 * relaxation rate (R2* =1/T 2 *) for the different white matter fiber bundles as a function of the main magnetic field strength. There is nearly linear dependence, with the relaxation rate increasing proportional to the field strength.
RESULTS B 0 dependence of T 2 * heterogeneity in white matter
Ex vivo investigation of formalin fixed brain tissue
Similar T 2 *-weighted contrast was observed in white matter in the formalin fixed brains, when the T 2 *-weighted images were acquired using similar acquisition parameters as used for the in vivo measurements As shown in Fig. 3a , the signal intensity for the SCR region is also substantially higher than that for CG (~30%). However, quantitative T 2 * comparison with the in vivo results may not be very informative, because T 2 * values measured in fixed brain tissues are affected by the fixation process and the level of dehydration during sample preparation. To better understand the underlying mechanisms for T 2 * heterogeneity in white matter, the ex vivo study was focused on the contrast difference between the CG and SCR fiber bundles. Table 3 details the measured iron contents in the CG and SCR regions. As shown, the average iron contents for the SCR and CG specimen are 176±13 and 182±9 μg/g, respectively. The iron contents between SCR and CG regions are not significantly different (p>0.5). The measured iron content from this study is consistent with previously reported literature results (4, 13, 14) for white matter.
The myelin and axonal staining results for the SCR region are shown in Figs. 3b and 3c respectively. The myelin and axonal staining results for the CG region are shown in Figs. 3d and 3e respectively. The histological results demonstrate that the white matter fiber bundles SCR and CG differ substantially in myelin content and axonal microstructure. Compared with the fibers in the SCR region, the CG bundle is apparently composed of more compact and coherently oriented fibers. The difference is further confirmed by the EM micrographs shown in Fig. 4 . The myelin areas estimated from the micrographs for the SCR (Fig. 4a ) and CG (Fig. 4b ) specimen were 24 and 32%, respectively. The corresponding order parameters were 0.28 and 0.35, respectively.
Discussion
Mechanisms underlying T 2 * heterogeneity in white matter
There are a few potential sources that can give rise to local field inhomogeneity as summarized previously (7, 8) . The effect of iron and myelin content, which has been the focus of the present study, will be discussed further below.
Differences in iron concentration could lead to variations of both T 2 and T 2 *. Such effects are expected to increase with increasing field strength. Previous MRI relaxation studies (15) of ferritin solutions have demonstrated that both R 1 and R 2 relaxation rates are linear functions of B 0 and iron content. As mentioned above, previous in vivo measurements of R 2 and R 2 ' in iron rich regions of the brain have also demonstrated a linear dependence on B 0 and iron content (3, 6, 16) . This leads us to speculate the linear dependence of T 2 * relaxation on B 0 for the different white matter fiber bundles might be due to their difference in iron content. However, chemical analysis of the total iron content in brain tissue samples indicates that there is no significant difference in the total iron content between fiber bundles with substantial difference in T 2 *, such as CG and SCR (Table 3 ). An iron-mediated T 2 * contrast would be consistent with the observed dark appearance of U-fibers in T 2 *-weighted MRI (e.g. Fig. 1 ), which are known to have a high iron concentration (17) . However, it seems contradictory to the relative dark appearance of the optical radiations, which reportedly have a relatively low iron concentration (17, 18) . Therefore, iron appears no to be the predominant contrast mechanism for T 2 * contrast between the major fiber bundles in normal brain. A complication is that the detailed microscopic distribution of iron and iron form can affect T 2 * under some conditions. Therefore, some of the observed differences in T 2 * relaxation rate may be due to variations in distribution and form of iron within these bundles.
Variations in myelin content are prevalent across cerebral white matter and can also significantly affect T 2 and T 2 * values. Previous studies have shown that myelin can disproportionately enhance T 2 (and T 2 *) relaxation and mediate sensitivity to MT (19, 20) . It has been suggested that the main contributor to these effects is galactorcerebrocide (21) which is disproportionately prevalent in myelin compared to other cell membranes (22) . The galactose head group of galactorcerebrocide has 4 hydroxyl groups and extends outward from the membrane. This permits more extensive hydration of the hydroxyl groups than many other lipid molecules. Therefore, the bound water fraction associated with myelin is greatly increased. A previous study (21) based on multilamellar vesicle suspensions of different lipid compositions has shown that galactorcerebrocide contributes most significantly to the magnetization transfer and T 2 shortening.
A higher fraction of bound water could lead to enhanced T 2 relaxation and MT effect in heavily myelinated fibers through incoherent dephasing. Indeed, MT-weighted measurements suggest a high fraction of bound water in major fiber tracts and brain fasciculi (23) , such as corpus callosum, cingulum, anterior commisure, and optical radiations. All of these fibers were found to have a relatively short T 2 * (see Tables 2) . The rest of white matter has lower bound water fraction and relatively high T 2 *. Since T 2 changes are included in T 2 * variations, the relaxation mechanisms giving rise to incoherent dephasing can become the dominant source behind the observed T 2 * heterogeneity. Both our histological and EM data collected in the CG and SCR regions support the notion that myelin content plays a major role in determining T 2 * relaxation of water in white mater fiber tracts.
A number of studies have reported on a general co-localization of brain iron and myelin (24) (25) (26) . This co-localization derives from the fact that ferritin particles, which constitute the main storage pool of brain iron, are often located in the vicinity of myelin-generating oligodenrocytes. The current thinking is that this storage iron serves as a buffer for the iron demanding process of myelin generation and maintenance (27). Because of this general colocalization, iron is also expected to contribute more significantly to T 2 * relaxation in compact white mater fiber tracts. According to the empirical formula for iron content in fresh white matter (13) , it can be estimated that the average iron content in white matter for the subject group (aged 31± 5 years) studied in this investigation is about 40 ppm (wet weight). Converting it into iron content per gram of dry tissue using a dry to wet brain tissue ratio of 0.22 (28,29), the result is 182 ppm, which agrees nearly perfectly with what was obtained from the chemical analysis of the fixed brain tissue samples (see table 3 ). In a recent B 0 dependence study (6) of R 2 * in iron rich gray matter regions where iron related susceptibility is known to be the dominant source of the R 2 * relaxation mechanism, it has been shown that the slope of R 2 * dependence on B 0 is approximately a linear function of the iron content (see fig. 8a in reference 6). Assuming the same linear correlation also applicable to the white matter regions studied here and using the above estimated iron content of 40 ppm, the expected slope of R 2 * dependence on B 0 in the white matter tracts would be about 2.1 Hz/Tesla. However, as shown in Table 2 , the experimentally measured values are in the range of 3.0 to 5.5 Hz/Tesla depending on the myelin content of the tracts. This indicates that myelin contribution to R 2 * is quite significant in the white matter regions and the myelin content is likely to be the main source underlying the R 2 * heterogeneity in white matter.
CONCLUSION
High-resolution T 2 *-weighted MRI at high field manifests a rich contrast offering a unique opportunity to study white matter architecture of the living human brain in fine detail. In particular in deep white matter, a strong contrast is apparent between the different fiber bundles. This contrast could potentially be exploited to study the microstructure differences of the major fiber pathways. Quantitative T 2 * measurements at three different magnetic fields confirm that the T 2 *-weighted contrast originates from microscopic susceptibility effects in the tissue. Preliminary results from studies of formalin fixed brain tissues indicate contrast differences between the major fiber bundles may primarily originate from differences in myelination. 
FIG. 1.
A set of T 2 *-weighted images acquired at 7T from a normal human brain. The acquisition parameters were: TR/TE=800/30 ms, flip angle=30°, receiver bandwidth=32 kHz, matrix size 1024×768, FOV=220×165 mm 2 , slice thickness=1 mm. Substantial contrast difference is seen between gray matter, CSF, vessels, and white matter. Also remarkable is the contrast difference between the different fiber projections. The labeled white matter bundles include: superior region of corona radiata (SCR); Splenium of corpus callosum (SPL), genu of corpus callosum (GCC), external capsule (EC), superior frontal-occipital fasciculus (SFO), tapetum (Tap), posterior region of coronal radiata (PCR), superior longitudinal fasciculus (SLF), anterior commissar (AC), and cingulum (CG).
FIG. 2.
The T 2 * relaxation rate (R2* =1/T 2 *) for the different white matter fiber bundles as a function of the main magnetic field strength. The lines are least square fit of the equation R 2 *=α+β*B 0 . The fitting results for each fiber bundles are detailed in Table 2 . Increasing the main magnetic field strength from 1.5T to 7.0T, the T 2 * relaxation contrast heterogeneity is significantly enhanced by more than 4 times. (a) a T 2 *-weighted image acquired at 7.0 T in a coronal slab of formalin fixed brain tissue across the cingulate cortex. The acquisition parameters were: TR/TE=800/20 ms, flip angle=30°, receiver bandwidth=32 kHz, matrix size 1024×512, FOV=200×100 mm 2 , and slice thickness=1 mm, NEX=3. As detected in the living human brains, in the fixed brain tissue specimen there is also substantial contrast different between the superior region of corona radiata (SCR) and cingulum (CG The main differences in data acquisitions for in vivo T 2 *-mapping on each scanner. Table 3 The iron contents as determined in tissue specimen of the human brains 1 . 1 The iron contents were measured using inductively coupled plasma-mass spectrometry at West Coast Analytical Service Inc (Santa Fe Springs, CA). The detection limit for iron is about 50 ppb.
